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A semiempirical quantum-chemical MINDO/2 method has been tested for
description of the dissociation curves of the CH bond in formaldehyde in its
ground and excited singlet and triplet states. A Fock operator of Nesbet’s type
was used in the SCF procedure; the consequent configuration interaction
contained monoexcited and some selected biexcited configurations necessary
for correct description of the dissociation. Irrespective of some shortcomings of
MINDO/2 parametrization for describing excited states it seems to be suitable
for qualitative conclusions on the mechanism of photolytic decomposition of
organic ketones.

IMonyamMnupuyeckuit KBanToBo-xuMudeckuit MINDO/2 meTton 6611 ucnosib-
30BaH C LeJbI0 MPOBEPUTh €r0 MPUTORHOCTb JUIS OMHMCAHMS KPHMBBIX JHC-
coumnaunu CH cBs3u B Monekyine opManbieruia B OCHOBHOM, B BO30yX/eH-
HOM CHHIJIETHOM M TpumiieTHOM coctosiHusx. [Ins SCF pacueToB 6bL1 HCTIONb-
3oBaH onepatop Poka tuna Hecbera. B mocnenyromux pacyerax no Metony
B3aUMOJEHCTBUS KOH(pUrypauuii 6b11M BKIIOYEHbl OMHOKPAaTHO BO30OyXJeH-
Hble ¥ BbIOpaHHbIE IBYXKPaTHOBO30YXIeHHblE KOH(UrypaluHn HeOOXOTUMBI
AJISE KaYeCTBEHHO NMPaBUJILHOTO ONMUCaHUs AUcconManuu. Beuto moka3aHo, 4To
MINDO/2 napaMeTpu3auusi, HeCMOTPSs Ha HEKOTOpble €€ HeJOCTaTKH,
NpUrofiHa [ KayeCTBEHHOro oOCyXJeHHs MexaHu3Ma (POTONUTHYECKOTO
pacnajfa OpraHM4ecKMX KeTOHOB.

With regard to its simple structure and significance in industrial chemistry and in
atmospheric processes, formaldehyde has been intensively experimentally and
theoretically investigated. Detailed knowledge of photochemical processes in
formaldehyde is not only of theoretical importance but is also valuable for studying
formation of the smog in towns, where formaldehyde is one of the main
components [1, 2].
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The electronic spectrum of formaldehyde has been thoroughly analyzed [3]. The
main sequence of absorption bands between 353 and 230 nm corresponds to the
symmetrically forbidden n—a* (*A’) transition and is accompanied by weak
absorption in the region between 396.7 and 360 nm belonging to symmetrically
and spin-forbidden transition *A,<'A,. All the other absorption bands are
ascribed [3] to Rydberg transitions to orbitals with the principal quantum number
3 and higher as has also been confirmed by nonempirical calculations of
Peyerimhoff et al. [4]. Photolysis of formaldehyde proceeds by three primary
reactions [5].

hv
H,CO — H,+CO (A)
H,CO - He + HCO® (B)
H,CO -2 2He + CO (©)

The process (A) dominates at large wavelengths (A >355 nm). The reaction (B)
proceeds at wavelengths below 313 nm exclusively, the reaction (C) occurring at
130—180 nm. The final photolysis products are H, and CO.

Calculations

Calculations of transition energies were done in semiempirical MINDO/2,
INDO, and CNDOY/S parametrizations basing on the ground state SCF orbitals and
using configuration interaction with 16 lowest monoexcited configurations.

An HF operator of Nesbet’s type [6] in MINDO/2 parametrization in the form

F=h+ 3 @h-R)- (-3 R+, ~1 K) (1)

was used for calculating energy of excited @, — @, configuration along the reaction
pathway. Index i in eqn (1) passes through doubly occupied molecular orbitals in
the ground state, a, b are indices for orbitals participating in excitation @,— @s.
We at first modelled dissociation of formaldehyde removing hydrogen atom from
carbon in the molecular plane, i.e. maintaining the C; symmetry, and at constant
values of other internal coordinates of a molecule. The starting geometry
corresponded to the experimental geometry of formaldehyde in the ground state

Rco=1.21X10—lom RCH=1.1><10"°m
and <{HCH=121.1°,
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As is known from the experiments [3] and as has been shown in the calculation of
optimalized geometry in Part II of this series [7], formaldehyde assumes pyramidal
structure in the excited state. Therefore the model of planar dissociation is only
a rough approximation.

The second reaction pathway starts from the bent pyramidal structure of
formaldehyde in experimental geometry of the excited 'A” state [3] (Rcu
= 1.09%x107°m; Rco=1.32x10"""m; *HCH=119° and the out of HCH
plane angle of the CO bond is 31°) and the CH bond breaking takes place in the
direction of the bond. The fundamental difference between this and the previous
case is that the system studied has no symmetry along the reaction path and thus
the orbitals and states having the same multiplicity can only be classified according
to their energies. All state crossings with the same multiplicity vanish consequently.

The SCF calculation was done for a monoexcited configuration corresponding to
the excitation between frontier orbitals. Similarly to the planar model, a configura-
tion with closed shells, four lowest paired biexcited and nine lowest monoexcited
configurations were included into CI.

Results and discussion

Let us first note the Franck—Condon transition energies of a formaldehyde
molecule. Table 1 contains values of the transition energies calculated with
a complete monoexcited CI from SCF MO’s of the ground state in various
semiempirical methods. For the comparison purposes, we also present ab initio CI
data reported by Buenker and Peyerimhoff [8] calculated in DZ bases set. As has

Table 1

Transition energies for formaldehyde (E/eV)

Excited MINDO/2 INDO CNDO/S ab initio [8] exp
state Cl—s* Cl—s Cl—s I (3]
'As(n—n*) 2.03 4.65 3.17 3.43 3.5 —5.39

'Bi(g—7*) 4.43 9.14 8.32 8.16
'By(n— 0%*) 4.73 10.42 9.23 10.44
'A(r— *) 6.65 11.82 9.50 12.13
*Ax(n—om*) 1.56 4.09 3.17 3.01 3.12—3.44
A > ¥ 3.27 7.21 5.28 4.99
*Bi(oc—>¥) 3.47 8.32 8.23 7.62
*By(n—0o*) 3.68 8.08 8.32 9.95

* CI—S — configuration interaction between singly excited configurations.
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already been mentioned, only the values for '*n— z* transitions are known from
experimental measurements. It is interesting to note that the order of eight values
of transition energies for singlet and triplet excitations between valence orbitals
computed by semiempirical methods is almost the same as the order calculated by
nonempirical methods. Similarly as for the studied molecules in Part III of this
series [9], the calculated MINDO/2—CI transition energies are systematically too
low (Table 1).

We have already described a calculation of the energy of the "*A"(n— n*) and
*A’(n— o0*) configurations at the SCF level along the reaction path. For the
excited A'(w— m*) configuration, the SCF procedure converges only at the
starting geometry and at large C—H distances, Rcu>2.58 X 107" m. At smaller
C—H distances, the orbital symmetry was usually disturbed and collapse on an
energetically lower A’ configuration of (n— o*) type occurred. The A'(t— 7*)
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Fig. 1. Orbital correlation diagram for dissociation H,CO— He+ HCO®. Left for n—n* (A:) state,
right for n— o* (B.) state.
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configuration cannot obviously lead to radical products of dissociation because
both singly occupied orbitals & and w* remain localized on the HCO fragment.
Fig. 1 shows the orbital correlation diagram for planar formaldehyde dissociation
to the A’ and A" states. The originally nonbonding 2b, orbital predominantly
localized on oxygen atom passes during dissociation to 1s orbital of the removing
hydrogen atom in both studied pathways.

The excited n— o* configuration gives rise to o formyl radical and to a hydrogen
atom, i.e. to products in the ground state; when s * orbital is occupied in n— *
configuration, the & formyl radical is formed (Fig. 1).

Fig. 1 shows that changes in orbital shapes dependent on the configuration for
which they were calculated are not striking. If we look at g*(6a’) and 7*(2a")
orbitals in n— x* and n— o* configurations, we can see that their character varies
only slightly, not taking into account whether the respective orbital has been
occupied or not during calculation. This is so because of minimal basis set used and
thus the orbitals are little flexible. Ab initio calculations on formaldehyde
photodissociation done by Fink [10] with AO basis set including diffusion functions
-with the principal quantum number 3 located on CO bond revealed, however,
a remarkable changes in character of the 2b, orbital depending on the fact whether
the orbital was occupied or not. When the orbital was not occupied, it was of
Rydberg character, when it was occupied, it was purely valence in character.

Fig. 2 shows dissociation curves for the excited configurations of *A” and '*A’
states obtained from separate SCF calculations. The energies for dissociation curve

E/eV T T T T
-46S
1
B, &
:, H(%s) + HCo(%a")
35‘ —
: H’s) + Hcor%a’)
1A2
3
-470 |4, .
Fig. 2. Curves of the SCF energy for
planar dissociation H.CO— He + HCO® ‘A, 7y
in various electron configurations (for |

details see the text).
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of the ground state configuration 'A’ were calculated from SCF orbitals of either
A'(n—0*) or A"(n— t*) excited configurations depending on which energy of
the ground state configuration calculated in this way is lower. The curves show that
in planar dissociation the first excited singlet and triplet states (** A) dissociate into
products of the reaction (C) in the excited state, i.e. into HCO s radical; the
course of the singlet and triplet states is very similar and has a little maximum in the
region ARcu=1 X 107" m. The source of radical products in the ground state is the
excited *A’'(*B,) triplet showing a distinct dissociation curve with a little maximum
also in the region ARcu=~1x 107'° m. The respective singlet ' A’ state in this range
passes through a significant barrier. Its origin is in a sudden increase of the value of
an exchange integral between singly occupied orbitals. The orbital b, (Fig. 1),
originally nonbonding, is in formaldehyde localized predominantly on oxygen and
a., originally antibonding orbital, is localized on carbon. The shift of electron
density from the originally nonbonding orbital in the direction to hydrogen atom in
the region of ARcu=~1X 107'° m causes that local overlap of these orbitals is here
maximal. This results in a rapid increase of exchange integral and thus also of the
corresponding singlet-triplet splitting. The following course (AR >1 x 107'° m) of
the dissociation curve of the excited configuration of 'A’ to a common dissociation
limit with > A’ cannot be qualitatively correct ; it crosses the respective curve for the
ground state configuration having the same symmetry, i.e. 'A’ and thus the two
configurations strongly interact in the crossing region giving rise to avoided
crossing.

The dissociation curve which should describe the ground state (*A’) energy leads
necessarily to products in the ground state while the curve for the first excited state
of 'A’ symmetry yields products in the excited states. The one-configurational
function thus cannot properly define avoided crossing of such configurations. Fig. 3
shows dissociation curves after configuration interaction including 14 con-
figurations, namely : a configuration corresponding to the closed-shell ground state,
nine configurations monoexcited with respect to the former, and four paired
biexcited configurations. SCF molecular orbitals for the configurations were
obtained from the starting monoexcited (n— 7 *) configuration with A’ symmetry.
After CI, the lowest singlet and the lowest triplet (**A’) states have a common
dissociation limit and yield products in their ground states. Dissociation curves of
'PA" states did not significantly change with respect to one-configurational
description because in the CI function for this state the same configuration remains
predominant during dissociation.

According to the increasing energy ion fragments HCO* and H™ (Fig. 3) become
products. Basing on ‘“‘chemical” experience the dissociation into H* and HCO~
seems to be more favourable. The theoretical result obtained might be considered
a shortcoming of the MINDQO/2 parametrization overstabilizing atomic orbital on
hydrogen compared with the respective MO on HCO. However, the ab initio SCF
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calculation in 4—31 G basis set confirmed that the system H™ + HCO" has lower
energy (by 46 eV) than the H* + HCO™ system (Table 2). Ionic products are of no
interest from the photochemical point of view; because of their high energy, they
cannot be regarded as primary photolysis products. If we model reaction pathway
by the dissociation of pyramidal form, the lowest triplet state has a common
dissociation limit with the ground state, i.e. it dissociates adiabatically to ground
state products (Fig. 4). The calculated value for the CH bond energy in formal-
dehyde, 383.5 kJ mol™’, agrees well with the experimental value, i.e. 360 kJ mol™!
[11]. The energy difference between the ground state and the first excited state of

Table 2

Energies of ion fragments of formaldehyde (E/eV)

HCO™™“+H* HCO** +H~
MINDO/2 — 454.598 — 460.269
431G —3034.157 —3080.199

Rcu=1.085%10""m; Reo=1.130x10""" m.
a) <HCO=120°; b) <HCO=180°.
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1A2 Fig. 4. Curves of CI energy for pyrami-
At dal dissociation H,CO— He + HCO® in
T ] 1 | % various electron states (for details see
0 1 2 34R,, /10" m the text).

the HCO radical —1.17 eV is also close to the experimental value of 1.15 eV [3].
The triplet states indicate a low maximum at CH bond lengthening by about
1 x 107'° m while the singlet states have smooth dissociation curves. Their shape is
consistent with that of curves computed by Fink [10].

During formaldehyde photolysis in the long-wave region (A >350 nm), the first
excited singlet state (*A,) is most populated. This state leads by intersystem
crossing probably to the lowest triplet state (*A.), which, along its “own*
hypersurface, dissociates into the ground state products. But a transition from the
excited singlet state to the potential hypersurface of the ground state in some of its
higher vibration states with consequent dissociation into the same products is also
possible. At lower wavelength values, the photolysis into the excited state of HCO
radical is possible, which is accompanied by the emission due to radiational
transition to its ground state.

Although the MINDO/2 method cannot reliably provide the energy of the
excited states, dissociation curves obtained are useful for qualitative discussion on
dissociation in the ground and excited states. Our approach is applicable to a study
of the influence of the electron structure on photolytic dissociation of larger organic
ketones, where the use of ab initio methods is limited by computation technique.
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